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@ Introduction

e NASA’s 12.5 kW Hall Effect Rocket with Magnetic Shielding (HERMeS) will be qualified
for flight through a combination of laboratory wear tests and physics-based modeling
using the Hall2De code.

e Non-invasive measurements of the ion velocity distribution function (IVDF) using laser-
induced fluorescence (LIF) are a critical component of the life qualification plan:

— LIF provides the empirical inputs necessary to set the anomalous cross-field transport profile in the
Hall2De simulations.

— Detailed measurements of ion velocities as a function of position can be used to validate the code
and better understand the mechanisms behind measured surface erosion rates.

— Probe measurements in the discharge channel perturb the plasma to an unacceptable extent and
therefore cannot be used for these studies (Jorns et al., AIAA-2015-4006).

e Over the long (>>10 kHr) service life enabled by magnetic shielding, front pole erosion
can be an important life-limiting mechanism. LIF measurements seek to build
understanding and support modeling of the erosion processes.



Motivation

e |ons causing pole erosion likely originate from the edges of the main ion
beam (Jorns et al., AIAA-2016-4839).

e Simulations have demonstrated that the erosion rate depends strongly
on the acceleration region location and the shape of beam-edge potential
contours (Lopez Ortega et al., IEPC-2017-154).
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Beam Edge lon Velocities

HERMeS inner pole erosion increases at higher magnetic field strengths
(Frieman et al., AIAA-2018-4645; Williams et al.,
though LIF along the channel centerline shows that the acceleration zone is

further upstream at higher B.

— Contrary to expectations that moving the acceleration zone downstream should
expose the pole covers to more beam ions.

High-resolution LIF vector maps
show that ion trajectory
divergence increases at higher
magnetic fields
— Velocities of fast ions born in
the channel near the anode

potential can be used to
estimate potential contours.
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@ Uncertainty Analysis: Bootstrap Resampling

e Some beam-edge LIF profiles are very noisy due to the low plasma e
density in these regions. It's important to quantify the error in the

mean velocity.

e Chosen approach: bootstrap resampling (B. Efron,
Annals Stat., 7, 1, 1979)

« Commonly used in space physics for calculating
uncertainties in moments of velocity distributions
from particle detectors.

 Randomly sample from the data with replacement
to create a new bootstrap data set. Calculate the
first moment for many (~10,000) bootstrap data
sets—the variance in the bootstrap mean velocity
approximates the variance in the mean calculated
from the raw data.

e Standard error propagation techniques are used
to calculate uncertainty in velocity vector angles.
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@ Variation Across Thrusters and Facilities

Measured pole erosion rates in HERMeS Technology Demonstration Units (TDUs) have varied
by >2x across different facilities and TDU units, and as a function of time within a given wear
test.

These erosion variations may arise due to small changes in beam edge plasma properties.

Comparison of LIF data taken at NASA GRC on HERMeS TDU-1 and at NASA JPL on HERMeS TDU-2:
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Motivation for Time-Resolved LIF

%107
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Time-Resolved LIF with Transfer Function Averaging

PMT signal (V)

LIF has intrinsically poor signal-to-noise ratio, so averaging over a long period of time or many
data acquisitions is necessary to obtain useful results.

Transfer function averaging enables time-resolved (~¥100 kHz bandwidth) LIF even with non-
periodic oscillations (Durot et al., RS/, 85, 013508, 2014 ; Lobbia et al., AIAA-2008-4650).

— PMT output is digitized at high speed (25 MHz) and lock-in amplification and other data reduction are carried
out in post-processing.

— Method relies on the assumption that a complex-valued function H(w) exists that relates the Fourier transform
[(w) of the LIF signal and the Fourier transform (w) of some reference signal: [(w) = H(w)7(w)
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Quasi-Periodic Oscillations — 600 V
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Aperiodic Oscillations — 300 V
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Validation
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Mean Velocity Evolution
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Off-Centerline — 600 V
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Off-Centerline— 300 V
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